A broadband omnidirectional electromagnetic absorber is constructed with traditional materials including silicon powder, polyethylene and a mixture of water and ethanol. Variation of the dielectric constant in the radial direction of the device is realized by gradually changing the fraction of silicon powder and polyethylene, and the absorbing core is made by mixing water and ethanol. By placing the device into a parallel metallic board and under electromagnetic illumination, we demonstrate that the trajectories of the incident waves fall into the core at both 9.0 and 10.0 GHz, as predicted by numerical simulation. Since the device is constructed without a resonant element, it can be expected to have a broadband nature.
Introduction
The transformation method provides an unprecedented way to control wave propagation with a spatial distribution of materials [1] [2] [3] [4] [5] [6] [7] [8] [9] , especially with the development of electromagnetic metamaterials [10] [11] [12] [13] [14] [15] [16] [17] . An interesting example is the omnidirectional electromagnetic absorber, initially proposed by Narimanov and Kildishev [18] . By spatially varying the dielectric constant, a beam of electromagnetic waves can be guided to fall into a region where the energy can be harvested or absorbed. An experimental demonstration was conducted recently by Cheng et al with a non-resonant shell and a resonant absorbing core based on a printed circuit technique [19] . The transformation version of this omnidirectional electromagnetic absorber was recently examined by Lu et al [20] . Although the idea proposed by Narimanov and Kildishev [18] can be applied to a broadband frequency range, using the resonant core may limit the frequency band for this device. In this paper, we will show that by careful design an omnidirectional electromagnetic absorber can be constructed with traditional materials such as silicon powder, polymeric material and a mixture of water and ethanol. This 1 Authors to whom any correspondence should be addressed.
paper will be arranged as follows: after a recall of the theory of an omnidirectional electromagnetic absorber, the material design of the device is explained in section 2, the detailed experimental implementation of the proposed model will be given in section 3. A comparison with the numerical simulation will also be provided, followed by some conclusions.
Design of an omnidirectional electromagnetic absorber
Narimanov and Kildishev [18] proposed an optical omnidirectional absorber with a shell controlling the ray trajectory and a core absorbing the wave energy; the permittivity of the device fits the following expression [18] :
where R is the outer radius of the device, R c is the radius of the absorbing core, ε 0 is the dielectric constant of free space and ε c is the relative complex permittivity of the core. Depending on n, an incident wave can be attracted into or pushed away from the core. A beam will be attracted into the core of the device if n 2, a larger value of n implies that the system is more attractive and a beam will fall more rapidly into the core, while n = 2 denotes the critical condition in which the beam can be captured. In our experimental setup, n = 2 is chosen throughout the work. The outer radius of the device R can be chosen arbitrarily; however, from equation (1), a large R will lead to a high permittivity for the device, which will pose difficulties for subsequent material realization. So in the following experiment we choose R = 120 mm. After setting up the structural parameters of the shell, we then need to define a damping core to absorb the fallen beam; the impedance of the shell and core boundary must be matched to avoid reflection. If the real part of the dielectric constant of the core is denoted by Re(ε c ), according to equation (1) the impedance-matched condition at the shell-core boundary defines the radius of the core as
The dielectric constant of the core should also have a large imaginary value in order to absorb the beam, thus a high damping material is necessary. Inspired by a microwave oven that generates heats by interaction between microwaves and water, one is readily aware that water is an ideal medium for absorbing electromagnetic energy. To further maintain the impedance-matched condition at the core-shell interface, ethanol is selected as an additive to water in order to tune the permittivity of the mixture. After many tests, a mixture of water and ethanol at a ratio 100:240 is chosen, and its effective permittivity is measured with a vector network analyzer at 14 • C; the results are illustrated by the bold line and triangles in figure 1. It is seen that the alcohol has a large damping factor, as shown by the imaginary part of the dielectric constant illustrated by the triangles. At the frequency range of interest, say 9-12 GHz, the permittivity of the mixture can be approximated as a constant, i.e. ε c = 7 + 8.5i.
Once the core material is fixed, we have to construct the shell with an effective permittivity satisfying equation (1) . The basic idea is to use a bilayered medium; for a long wavelength approximation the electric response of a bilayered medium can be well characterized by an equivalent medium with the effective permittivity
where ε a , ε b and h a , h b are, respectively, the permittivity and thickness of layer one and layer two, and h = h a + h b denotes the total thickness. By changing the thickness ratio of the two layers along the radial direction, the effective permittivity of the bilayered medium can be tailored to satisfy equation (1) . According to equation (3), the adjustable range of the effective dielectric constant of the bilayered medium is between ε a and ε b . Since the core material is already fixed with a real part of the dielectric constant Re(ε c ) = 7, we need to find a material which also possesses a matched dielectric constant to reduce the reflection at the interface of the core and shell. Silicon powder is an eligible candidate with a real dielectric constant ε 3 = 7.0 for a normal depositing state. The thin line and circles in figure 1 show the measured dielectric constant of the silicon powder. It is found that the dielectric constant of the silicon powder is almost constant, ε 3 = 7.0 + 1.0i, over a large measured frequency range. For the bilayered medium which makes up the shell of the device, we choose one layer as silicon powder and the other layer as polyethylene with a dielectric constant of ε 2 = 1.85 and low loss. To tailor the effective dielectric constant ε eff to follow equation (1), we will vary the thickness of the polyethylene plate h 2 (r ) as a function of the radius of the device. h 2 (r ) fits the following equation:
where ε 3 , ε 2 and h 3 (r ) = h 0 − h 2 (r ), h 2 (r ) are, respectively, the permittivity and radius dependent thickness of the silicon powder and polyethylene. Equation (4) yields the radius dependent thickness of the polyethylene plate
Since h 2 (r ) cannot exceed h 0 , we have at r = R t = R/ √ ε 2 , h 2 (r ) = h 0 and ε eff = ε 2 . To achieve an effective dielectric constant of less than ε 2 for R t r R, and also to follow the profile given by equation (1), we will use another bilayered medium: one layer is air and the other is also polyethylene. The thickness of the polyethylene plate as function of radius h 1 (r ) can be determined by the method explained above, leading to
It is seen that the curves of h 1 (r ) and h 2 (r ) smoothly connect each other at the point r = R t , and the bilayered medium matches with the air (ε eff = ε 1 = 1) at its outermost edge. Finally the variation of the dielectric constant of the device and its material realization are shown in figure 2. For our device, the thickness is h 0 = 10.0 mm and for the selected materials we have R t = 88.23 mm and R c = 45.36 mm. The profiles of h 1 (r ) and h 2 (r ) from R c r R determine the shape of the polyethylene plate, which will be cut out by a programcontrolled machine. 
Experimental implementation
In our experimental setup, the absorbing core is made of a mixture of 29.5% water and 70.5% ethanol and is very dissipative for X-band microwaves. For R c r R t the bilayered medium consists of silicon powder with grain size less than 10 μm and polyethylene, and for R t r R c the bilayer is made of air and the polyethylene. The profile of the polyethylene plate is realized by a program-controlled machine; a picture of the device is shown in figure 3(a) . We choose natural silicon powder as the inner shell to match the dielectric constant at the interface of the core, and cut the polyethylene plate with the profile given by h 1 (r ) and h 2 (r ). The sample is placed on a thin square aluminum plate of size 120 mm × 120 mm. To fill the liquid mixture, a thin plastic barrel with a wall thickness of 0.1 mm and diameter of 2R c is placed at the central part of the aluminum plate, which contains a mixture of water and ethanol to form the core. Silicon powder is filled in the hollow region formed by the walls of the barrel and the machined polyethylene plate. Figure 3(a) shows the fabricated device.
The device is placed into a chamber between two large parallel aluminum plates. A TEM wave illuminates the device in the chamber, as shown in figure 3(b) . X-band microwaves are sent out from one port of the vector network analyzer (Agilent E8362B), and they are incident on the device through a coaxial-waveguide adapter at one edge of the chamber. A coaxial detector is placed on the upper aluminum board; it is coupled with the electric field in the chamber and returns the signals back to the vector network analyzer. The signal is transformed into S 21 parameter by the analyzer, then the electric field is depicted by the analyzer since its amplitude is linearly scaled to |S 21 |. After calibration, the phase of the electric field can be considered as the same as the measured S 21 . The lower board of the chamber is monitored by a motor to move in two directions, therefore the detector can scan the electric field on the top of the device. We first calibrate the zero phase by putting the detector closest to the adapter, then we let the detector 'move' 0.1 mm by steps near the top of the device; therefore the total electric fields on top of the device are measured.
In order to verify our design, numerical simulations with COMSOL Multiphysics are also performed with frequencies of 9 GHz and 10 GHz at oblique incidence and 10 GHz at normal incidence. The simulation results are shown in figures 4(a)-(c) , respectively.
The measured electric field of the omnidirectional absorber at 9.0 GHz is shown in figure 4(d) .
An electromagnetic beam is incident on the device by the wave adapter at the lower left edge of the parallel Al board. It is clearly observed that the beam follows a bending path when entering the shell of the device. By comparison with the magnitude of the electric fields located inside and outside the device, we can conclude that the main energy stream flows within the device and is finally absorbed by the core. The absorption efficiency of the device can be evaluated by comparing the power loss in the device with the incident power. Once the electric field has been measured, the magnetic field at the boundary can also be retrieved as
Therefore, the power loss within the mapped region can be calculated by [19] , where S is the borderline of the region. The incident power is obtained simply by calculating the power of the incident beam. Then the absorption efficiency is defined by the ratio of the power loss and the incident power as η = P loss /P in . The measured absorption efficiency of the proposed device is about 81.9%. A little leaked energy is also observed, since the beam travels forward and gradually expands its beam width and the margin of the beam usually carries a small amount of energy. The experimental result compares favorably with the numerical simulation shown in figure 4(a) . In the simulation, a relatively thin incident beam was constructed by adapting the waveguide so a clear image of the rotational wave trace is observed; the waves are attracted by the core and they are absorbed. From the contrast of the color inside the device and that of the background, it is found that the amount of leaked energy is low, which is also confirmed by the measured absorption efficiency.
The measured electric field for an oblique incident wave at 10 GHz is shown in figure 4(e) . A clearly curved wave trace is also observed, demonstrating the broadband nature of the designed device. A high energy absorbing efficiency (84.9%) is also observed from the field magnitude and distribution. The measured result again agrees with the simulation given by figure 4(b) . The electric field distribution of the device under normal incidence was also measured and is shown in figure 4 (f). It is noted that the incident beam is split into several pieces and each travels around the shell and finally falls into the damping core, forming an elliptical-type trajectory. The simulated result shown in figure 4(c) confirms the experimental findings. Figure 5 shows the measured absorbing efficiency of the designed device within the whole X-band spectrum. The absorption efficiency is as high as over 80% from 9.0 to 12.0 GHz. This demonstrates the broadband nature of the designed device. For an even higher frequency, our device is limited by the frequency dependent dielectric constant of the absorbing material, i.e. alcohol. At 8.0 GHz, the wavelength of the incident wave is relatively large, the width of the beam exceeds the radius of the shell, part of the wave could not fall into the core, and this eventually results in a low absorbing efficiency (58%). This phenomenon also happens at 9.0 GHz (see figure 4(d)) ; however, it is not very significant. As shown in figure 4 (e), a weak field concentration appears due to the small mismatch of impedance at the interface of the absorbing core and the shell. However, this can be alleviated by changing the volume fraction of the ethanol in the alcohol to adapt the real part of its permittivity to match with the silicon powder. The difference between the simulated and experimental results, e.g. the sub-traces shown in figure 4(a) and absent in figure 4(d) , is due to the damping factor of the silicon powder, which assimilates part of the stream energy and makes the wave travel a very short way in the shell. Notwithstanding the above deficiency in our measurement, overall, the designed device works successfully in a wide frequency spectrum and is easy to fabricate. 
Conclusions
A bilayered structure with classical materials is proposed to realize the electromagnetic omnidirectional absorber reported by Narimanov and Kildishev [18] . The necessary profile of the effective dielectric constant of the device is met by varying the thickness ratio of the bilayered materials as function of the radius. Since the bilayer is made of either silicon powder and polyethylene or air and polyethylene, the device is shown to function in a broadband frequency range. The interaction of the device with an electromagnetic beam is measured by an electric field mapping system, and numerical simulations are also conducted. The measured electric fields agree favorably well with the simulations.
